Objective: To investigate whether self-reported frequency of fruit and vegetable consumption was associated with HbA 1C levels in individuals not known to have diabetes, and what dietary and lifestyle factors might explain this association. Design: Cross-sectional study. Setting: The EPIC-Norfolk Study, a population-based cohort study of diet and chronic disease. Subjects and methods: A total of 2678 men and 3318 women (45 ± 74 y) not known to have diabetes reported weekly consumption of fruit, green leafy vegetables and other vegetables. Results: Among men, 274 (10.2%) reported seldom or never eating fruit and 127 (4.7%) seldom or never eating green leafy vegetables. Corresponding numbers in women were 157 (4.7%) and 92 (2.8%), respectively. Participants who reported never or seldom having both fruit and green leafy vegetables had higher mean (s.d.) HbA 1C measurements (5.43% (0.71)) than those who reported more frequent consumption (5.34% (0.67); P 0.046). Differences by category of fruit or green leafy vegetable consumption were not substantially changed after adjustment for saturated fat, dietary ®bre and plasma vitamin C. Conclusion: These ®ndings support the hypothesis that high intake of fruit and green leafy vegetables may in¯uence glucose metabolism independent of dietary ®bre or vitamin C alone and that increased consumption may contribute to the prevention of diabetes. Sponsorship: NJW is an MRC Clinician Scientist Fellow.
Introduction
Recommendations to increase fruit and vegetable consumption to ®ve servings daily are prominent features of health promotion programmes (National Cancer Institute & Produce for Better-Health 1994; Foerster et al, 1995; Williams, 1995) . These recommendations are based mainly on data from studies of cancer (Steinmetz & Potter, 1996) and cardiovascular disease (Ness & Powles, 1997) , but fruit and vegetable consumption may play a protective role in type 2 diabetes as well (Colditz et al, 1992; Feskens et al, 1995; Williams et al, 1999) .
Increased consumption of vegetables and legumes was inversely associated with 2 h glucose level in a prospective study of middle-aged men (Feskens et al, 1995) . Risk of diabetes was inversely associated with vegetable but not fruit consumption in the Nurses' Health Study (Colditz et al, 1992) . In a cross-sectional study, Williams et al (1999) found that frequent consumption of salad vegetables throughout the year was associated with a lowered risk of newly diagnosed type 2 diabetes.
Fruit and salad vegetables are dietary sources of vitamin C and the protective role in diabetes may be partly mediated through the antioxidant functions of this vitamin (Paolisso and Giugliano, 1996) . In a previous analysis from the EPIC-Norfolk Study, we have demonstrated that glycosylated haemoglobin, HbA 1C , was inversely associated with plasma vitamin C levels (Sargeant et al, 2000) . However, fruit and vegetable consumption may be associated with other dietary and lifestyle practices that may also explain the apparent protective role in diabetes (Billson et al, 1999; Thompson et al, 1999 , Williams et al, 2000 .
In this study we examined the cross-sectional relationship between frequency of fruit and vegetable consumption and HbA 1C in a large population-based cohort and investigated possible dietary mechanisms for the association.
Research design and methods

Subjects and measurements
The participants in this study were part of the East Anglian component of the European Prospective Investigation into Cancer (EPIC-Norfolk), a multicentre international cohort designed to investigate the relationship between diet, cancer and chronic disease (Riboli & Kaaks, 1997) . At baseline survey between 1993 and 1998, 77 630 men and women aged 45 ± 74 y were identi®ed from general practice age sex registers in Norfolk and invited to participate in the study. In all, 30 447 agreed to participate and provided informed consent and 25 633 volunteers attended for a health check. In November 1995, midway through the recruitment of this cohort, we introduced measurement of HbA 1C . The sub-cohort that has been selected for this analysis consists of all individuals who had HbA 1C measurement and on whom all data had been processed by July 1998 (n 6089). The detailed design and operation of the study have been previously described .
Volunteers completed a detailed health and lifestyle questionnaire. Three separate questions asked about reported weekly intake of fresh fruit (eg apples, oranges, pears), green leafy vegetables (eg cabbage, broccoli) and other vegetables (eg peas, carrots, beans, tomatoes). Options were never, seldom, once a week, 2 ± 4 times a week, 5 ± 6 times a week, once or more daily and don't know.
Data on dietary intake of saturated fat, vitamin C, ®bre (non-starch polysaccharides) and alcohol consumption were obtained from validated food frequency questionnaires (Bingham et al, 1997; Day et al, 1999) . Nutrient intakes were calculated by multiplying the frequency of food consumption by standard portion weights to obtain weight of food consumed per day. These were then converted to nutrient intakes using food tables derived from the various Royal Society of Chemistry supplements to McCance and Widdowson's Composition of Foods (Bingham et al, 2001) .
Participants were classi®ed as vegetarians if they gave a positive response to the vegetarian option of the questioǹ Do you follow any particular diets?' and as supplement takers if they answered`yes' to the question`Have you taken any vitamins, minerals or other food supplements taken regularly during the past year (such as vitamin C, vitamin D, iron, calcium, ®sh oils, primrose oil, beta carotene etc)?'
Smoking history was derived from yesano responses to the questions`Have you ever smoked as much as one cigarette a day for as long as a year?' and`Do you smoke cigarettes now?' The question`Did you have any further education at college or university after you left school?' identi®ed those who had tertiary education. Participants also recorded the hours spent each week on leisuretime physical activity during summer and winter (Pols et al, 1997) .
Participants were asked about personal illness by the question`Has the doctor ever told you that you have any of the following?' Positive responses to the speci®c option for diabetes was used to de®ne the sub-group with prevalent disease along with the response to the diabetes option of the question`Have you modi®ed your diet in the past year (give reasons)?' Participants who reported diabetes in parents or siblings were classi®ed as having a positive family history.
Following completion of the questionnaire, participants were invited to attend the general practice surgery where research nurses performed a health check. Height and weight were measured with participants in light clothing and with their shoes removed. Height was measured to the nearest 0.1 cm using a stadiometer. Weight was measured to the nearest 100 g using Salter scales. These were used to calculate the body mass index (BMI) as weight (kg)aheight 2 (m 2 ). Waist circumference was measured at the smallest circumference between the ribs and iliac crest to the nearest 0.1 cm and hip circumference as the maximum circumference between the iliac crest and the crotch to the nearest 0.1 cm. These measurements were used to calculate the waist-to-hip ratio (WHR).
Ninety-®ve percent of the cohort provided a non-fasting blood sample. Plasma vitamin C level was measured in citrated plasma, stored overnight in a dark box at 4 ± 7 C, and then spun at 2100 g for 15 min at 4 C. Plasma was stabilized in a standardised volume of metaphosphoric acid then stored at À70 C. Plasma vitamin C concentration was estimated using a¯uorometric assay within 1 week of sampling (Vuilleumier & Keck, 1989) . The coef®cient of variation was 5.6% at lower end of the range (mean 33.2 mmolal) and 4.6% at the upper end (mean 102.3 mmolal).
Starting from November 1995, a sample of EDTAanticoagulated blood was taken for HbA 1C measurement. The blood was stored in a refrigerator at 4 ± 7 C until transported at ambient temperature within a week of sampling to be assayed. The HbA 1C assays were carried out using HPLC on a Biorad Diomat (Standing & Taylor, 1992) . The coef®cient of variation was 3.6% at lower end of the range (mean 4.94%) and 3.0% at the upper end (mean 9.76%).
Statistical analysis
Participants who had completed the health and lifestyle questionnaire and health check, had given blood for HbA 1C and had complete data entry by July 1998 formed the study population. This population was divided into three groups based on reported frequency of fruit and vegetable consumption. Participants reporting`never' or`seldom' formed one group. Those reporting`once a week' or`2 ± 4 times a week' formed a second group and those reporting 5 ± 6 times a week' or`once or more daily' formed a third. Few participants were in the ®rst group for other vegetable consumption and participants reporting`once a week' consumption were included in this group.
Statistical analysis was performed using SAS Version 6.12 (SAS Institute, Cary, NC). Signi®cance testing was done using analysis of variance (ANOVA) and t-test comparison for means and the chi-square test for proportions.
Results
We present data on 2821 men and 3444 women, being 96% of the participants who were recruited to the EPIC-Norfolk study between 1995 and 1998 with complete data entry by July 1998. Of these, 2% (107) did not provide data on frequency of food or vegetable consumption. We excluded 170 participants with self-reported diabetes from further analysis since their report of diet and lifestyle could have been modi®ed by the diagnostic label. Tables 1 and 2 show characteristics of men and women, respectively, with respect to categories of fruit consumption. There was a positive relationship between fruit consumption and intake of dietary ®bre, dietary and plasma vitamin C, supplement use and higher education. An inverse relationship with current smoking and dietary saturated fat was also found. The unadjusted mean HbA 1C was highest in the group reporting never or seldom consumption of fruit in both sexes, but the difference was not signi®cant in women. Tables 3 and 4 show similar data for men and women respectively with respect to consumption of green leafy vegetables. The relationships between consumption of green leafy vegetables and other covariates were similar to those found with fruit consumption. Those reporting never or seldom consumption had the highest unadjusted mean HbA 1C but the difference was not statistically different in men.
Among those reporting never or seldom consumption of fruit, 13% of men and 10% of women also reported never or seldom consumption of green leafy vegetables. A total of 197 (132 men and 65 women) participants reported once weekly or less consumption of both fruit and green leafy vegetables. The unadjusted mean (s.d.) HbA 1C in this group was 5.43% (0.71) compared to 5.34% (0.67) for those reporting more frequent consumption of both fruit and green leafy vegetables (P 0.046).
With respect to consumption of other vegetables, 110 men and 116 women reported frequency of once a week or less, 1142 men and 1191 women reported 2 ± 4 times weekly and 1423 men and 2011 women reported 5 times weekly or greater. There were signi®cant differences among the groups with respect to dietary ®bre and vitamin C, plasma vitamin C and smoking in both sexes and supplement use and further education in men. The relationships were similar to those for categories of fruit and green leafy vegetables. Unadjusted mean (s.d.) HbA 1C was 5.38% (0.70), 5.38% (0.72) and 5.35% (0.70) in increasing categories of other vegetable consumption in men (P 0.63). In women the values were 5.43% (0.89), 5.34% (0.59) and 5.31% (0.66), respectively (P 0.13). Sex-adjusted mean HbA 1C was not signi®cantly different among the categories when sexes were combined (P 0.15).
The relationship between fruit and green leafy vegetable consumption and HbA 1C was similar in both sexes. Participants who reported seldom or never fruit consumption had an odds ratio (OR) (95% con®dence interval) of 1.24 (0.97 ± 1.59) for being in the highest quintile (5.8 ± 14.4%) of the HbA 1C distribution compared to those who reported more frequent consumption after adjustment for possible confounders including dietary saturated fat. The corresponding OR (95% CI) for participants reporting seldom or never consumption of green leafy vegetables was 1.51 (1.09 ± 2.09).
Discussion
Participants who reported never or seldom having fruit or green leafy vegetables were found to have the highest mean HbA 1C measurements. This difference was evident in both sexes and was independent of the possible confounders of age, BMI, WHR, family history, smoking, alcohol consumption, educational status, any dietary supplement use, vegetarianism, leisure-time physical activity and total energy intake. The mean HbA 1C among categories of fruit and green leafy vegetable consumption were not substantially changed after adjusting for saturated fat intake, dietary ®bre, dietary vitamin C and plasma vitamin C status. The association between diet and type 2 diabetes is well recognised. Diets characterised by high fat and low carbohydrate intake have been associated with diabetes in ecological, cross-sectional and retrospective studies (Hamman, 1992) . However, the results of many prospective studies on diet in the aetiology of type 2 diabetes are equivocal. While there is some evidence that fruit andaor vegetable consumption may protect prospectively against development of diabetes (Colditz et al, 1992; Feskens et al, 1995) , some studies have found no effect (Lundgren et al, 1989; Salmeron et al, 1992a,b) . On the other hand no study has found a harmful effect with fruit and vegetable consumption. No previous study has examined the association between fruit and vegetable consumption and HbA 1C levels. In a study in the Potsdam cohort of the EPIC Study, Boeing et al (2000) , using a monoclonal antibody test to assay HbA 1C rather than the HPLC method employed in our study, reported an association between HbA 1C and energy-adjusted saturated fat intake. They did not examine the association with food groups. We used a sensitive de®nition of self-reported diabetes to exclude participants who may have changed their diet and lifestyle as a result of their diagnosis. This exclusion reduced the likelihood that dietary and behavioural changes associated with the disease could explain our results. Participants were unaware of their HbA 1C concentrations when they reported their dietary exposures, thus reducing the potential for recall bias. Selection bias is also unlikely to explain the association between HbA 1C and fruit and vegetable consumption. For this to occur there would have to be differential non-participation of individuals with infrequent fruit and vegetable consumption and low HbA 1C concentrations.
The association was independent of several possible confounders. Some of these may be measured with error and therefore residual confounding could be a possible explanation of our results. High fruit and vegetable intake may also be a marker of other lifestyle factors that affect glucose metabolism such as physical activity. Adjustment for self-reported leisure-time physical activity did not affect the observed relationship between HbA 1C and dietary intake but the imprecise measurement of physical activity means that we also cannot totally exclude residual confounding due to this factor.
In this cross-sectional study, it is reasonable to assume that fruit and vegetable consumption would in¯uence glucose metabolism rather than vice versa. However, fruit and vegetable consumption may be markers for particular dietary patterns and may therefore be proxies for other dietary risk factors (Williams et al, 2000) . Fruit and vegetables are also sources of dietary ®bre and vitamin C and could exert a protective role through either or both of these mechanisms.
We explored whether this effect was could be explained by dietary ®bre, vitamin C or saturated fat. The differences in mean HbA 1C by fruit consumption categories decreased after adjusting for dietary saturated fat. Saturated fat could be a confounder in our study (Marshall et al, 1997; Storlien et al, 1997) . Neither dietary ®bre nor vitamin C explained the results. This may be due to measurement error in the assessment of nutrient intake from food frequency questionnaires. Therefore, plasma vitamin C status performed better as an explanatory variable than dietary vitamin C because it was measured with less error (Bingham et al, 1997) . On the other hand, the effects of fruit and vegetable consumption may be mediated by factors other than vitamin C or dietary ®bre.
We did not detect an association with other vegetable consumption (eg legumes, carrots, tomatoes). This may be due to the relatively small numbers who reported infrequent consumption but could also indicate that speci®c dietary component found more often in fruit and leafy vegetables are responsible for their protective role.
Although the mechanisms underlying the protective effect of fruit and green leafy vegetable consumption are not clearly understood, our results suggest important public health implications for diabetes prevention. While frequent consumption may be bene®cial, it seems that people who seldom or never eat fruit and vegetables are at greatest risk for hyperglycaemia. Increased consumption in this group may be protective, even if individuals do not take the recommended ®ve servings per day.
